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ABSTRACT
Ruminants can produce meat and milk from fibrous 
feed and byproducts not suitable for human consump-
tion. However, high-yielding dairy cows are generally 
fed a high proportion of cereal grain and pulses, which 
could be consumed directly by humans. If high produc-
tion of dairy cows could be maintained with ingredi-
ents of low human interest, the sustainability of dairy 
production would improve. In the present study, 37 
multiparous [Holstein (n = 13) and Swedish Red (n = 
24)] dairy cows were followed over a whole lactation. 
A low-concentrate diet of up to 6 kg concentrate per 
day (6kgConc) was fed to 27 cows, whereas 10 cows 
were fed a high-concentrate diet of up to 12 kg concen-
trate per day (12kgConc). The concentrate was mainly 
based on byproducts (sugar beet pulp, wheat bran, 
rapeseed meal, distiller’s grain). Grass-clover silage 
of high digestibility was offered ad libitum. Over the 
whole lactation, cows on the 6kgConc diet had lower 
dry matter intake and higher forage intake than cows 
on the 12kgConc diet. Milk yield and energy balance 
were not influenced by dietary treatment. However, the 
cows on the 6kgConc diet numerically produced 2.4 kg 
less energy-corrected milk than cows on 12kgConc diet. 
The study lacked the statistical power to identify treat-
ment effects on daily yield below 2.8 kg of milk due to 
low number of animals per treatment. Feed efficiency 
(as energy-corrected milk yield/dry matter intake or 
residual feed intake), body weight change, body condi-
tion change, milk fatty acid concentration in total milk 
fatty acids, plasma nonesterified fatty acids, glucose, 
β-hydroxybutyrate, and fertility measurements were not 
affected by diet, supporting the energy balance results. 
However, higher plasma concentrations of insulin-like 
growth factor-1 and insulin were observed in cows fed 
the 12kgConc diet. These findings show that cows can 
adapt to a high-forage diet virtually without human-
grade ingredients, without compromising feed efficiency 
or energy balance, thereby contributing to sustainable 
food production.
Key words: metabolic status, forage, coproduct, feed 
efficiency
INTRODUCTION
Increased food productivity, reduced postharvest 
losses, and reduced food waste are measures that have 
the potential to contribute strongly to increased food 
security, while at the same time mitigating climate 
change (IPCC, 2019). By converting byproducts from 
food and fuel systems and grass resources that are 
nonedible for humans into nutrient-dense foods such 
as milk and meat, animal production can help to re-
duce the environmental effect of food production (Van 
Zanten et al., 2019). Despite the astonishing ability of 
dairy cows to produce high-quality food from forage, 
their diet in conventional high-producing dairy systems 
worldwide contains a high share of cereal-based concen-
trate (FAO, 2014).
Replacing human-edible products such as cereal 
grain and pulses in dairy cow diets with byproducts 
such as sugar beet pulp, wheat bran, distiller’s grain, 
and rapeseed meal is reported to have no negative ef-
fects on milk production in mid lactation (Ertl et al., 
2016; Karlsson et al., 2018; Pang et al., 2018). Grass 
silage has relatively low production costs and high nu-
tritive value for dairy cows if cut at an early growth 
stage (Randby et al., 2012). In addition, grass silage 
production and use in crop rotations contribute to sev-
eral ecosystem services, such as improved soil quality, 
carbon sequestration, and control of pests and weeds 
(Weißhuhn et al., 2017).
Intake of diets with a large proportion of forage is 
normally limited by rumen fill factors (Jarrige et al., 
1986). Thus, high-forage diets often lead to lower total 
DMI compared with high-concentrate diets (Faverdin 
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et al., 1991; Randby et al., 2012; Lawrence et al., 2015). 
Lower dietary levels of concentrate may reduce the en-
ergy balance (EB) of dairy cows (Randby et al., 2012; 
Lawrence et al., 2015). A relationship between EB and 
milk fatty acid (FA) composition in both early and mid 
lactation has been reported (Gross et al., 2011). Some 
other indicators of impaired metabolic status are higher 
blood plasma concentrations of nonesterified fatty acids 
(NEFA) and BHB, along with lower concentrations 
of glucose, insulin, and IGF-1 in blood plasma (as re-
viewed by Adewuyi et al., 2005).
Deep negative EB in early lactation can contribute 
to impaired fertility (Wathes et al., 2007). Less concen-
trate in the diet of dairy cows is related to lower energy 
intake (Kuoppala et al., 2008; Randby et al., 2012) and 
lower EB (Randby et al., 2012; Lawrence et al., 2015). 
Thus, there may be a risk of lower levels of concentrate 
resulting in impaired fertility if energy intake is lower 
and negative EB more severe.
Numerous studies have explored high-forage diets to 
dairy cows, but these are usually limited to early or 
mid lactation, whereas whole-lactation experiments are 
more scarce. Therefore, the aim of the present study 
was to compare 2 levels of byproduct-based concentrate 
with ad libitum access to high-quality forage and the 
effects on production, EB, feed efficiency, and fertility 
during a whole lactation. The cows received either up to 
6 kg (6kgConc) or 12 kg (12kgConc) of concentrate 
per day, in combination with grass-clover silage ad libi-
tum. We hypothesized that cows receiving the 6kgConc 
diet would have lower DMI, resulting in less milk pro-
duced, compromised energy and metabolic status, and 
impaired fertility due to lower DM and energy intake 
compared with cows receiving the 12kgConc diet.
MATERIALS AND METHODS
The study was performed at the Swedish Livestock 
Research Centre, Uppsala, Sweden, between February 
10, 2017, and May 12, 2018. The study was approved 
by Uppsala Ethics Committee for Animal Research, 
Uppsala, Sweden (diary number C99/16). The experi-
ment was carried out in accordance with the laws and 
regulations controlling experiments performed with live 
animals in Sweden.
Animals, Experimental Design, and Housing
Forty-eight multiparous dairy cows were initially 
used. The cows were randomly allocated to 1 of 4 di-
etary treatments in a 2 × 2 factorial design. Fourteen 
cows were removed from the study due to subclinical 
mastitis caused by Staphylococcus aureus (n = 7), or 
due to clinical mastitis by Klebsiella (n = 2) or Esch-
erichia coli (n = 1), or due to mistakes in feeding (n = 
2), teat injury (n = 1), or stillborn calf (n = 1). The 
cows with subclinical Staphylococcus aureus infection 
were removed from the study because they were moved 
to a separate pen to reduce the risk of spreading the 
infection. To somewhat balance the number of cows in 
each treatment group, 3 more cows were included later 
in the study. In the statistical analysis, 37 cows with 
whole-lactation records were included. All cows were 
multiparous (20 in second lactation, 17 older) and of 
the Swedish Red (SR; n = 24) or Swedish Holstein (n 
= 13) breed. The cows calved between February and 
July 2017, entered the experiment during the first week 
after calving, and remained in the study until lactation 
day (mean ± SD) 301 ± 12 (9 wk before expected calv-
ing or at 305 DIM).
The 4 dietary treatments were 6kgConc diet with 
rumen-protected amino acid–supplemented concentrate 
(n = 14), 6kgConc diet without rumen-protected amino 
acid–supplemented concentrate (n = 13), 12kgConc 
diet with rumen-protected amino acid–supplemented 
concentrate (n = 5), and 12kgConc diet without rumen-
protected amino acid–supplemented concentrate (n = 
5). The numbers of cows allocated to each treatment 
were unbalanced due to a parallel genetics study on the 
6kgConc diet cows. The effects of supplementing the 
diets with rumen-protected amino acids are not covered 
in this paper because the CP level in the silage and 
hence the total diet was not low enough to motivate 
the use or expect any effect of supplementation with 
rumen-protected lysine and methionine.
The cows were housed in a loose house with rubber 
mats and sawdust-bedded cubicles. The experimental 
cows were housed together with other cows, in a group 
of approximately 60 animals. Cows were milked vol-
untarily in a single-station automatic milking system 
(VMS, DeLaval International AB, Tumba, Sweden) 
with the FeedFirst cow traffic system, which resulted 
in 2.6 milkings per day (SD = 0.4). Milking interval 
was set to 6 h for cows with low SCC and 4 h for cows 
with high SCC (over 100,000 cells/mL), both with a 
maximum of 12 h between milkings.
Diets and Feeding
Chemical composition of silage and concentrates is 
shown in Table 1. All cows had free access to grass-
clover silage from perennial swards sown mainly with 
timothy (Phleum pratense L.), with inclusion of peren-
nial ryegrass (Lolium perenne L.), tall fescue (Festuca 
arundinacea Schreb.), and red clover (Trifolium pratense 
L.). The silage was stored in bunker silos and preserved 
using an acid-based additive (Promyr NT 570, Per-
storp, Sweden) provided at 3.5 to 4.0 L/t. During the 
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course of the experiment, silage from 4 different bunker 
silos was used. A mineral mix containing (g/kg) Ca 
(164), P (10), Mg (120), Na (77), S (15), and trace ele-
ments and vitamins (3.75 g/kg of DM; VM17, Vilomix, 
Staffanstorp, Sweden) was mixed with the silage. In 
addition, NaCl was mixed with the silage at 3.75 g/kg 
of DM. Minerals and NaCl were mixed with the silage 
in a stationary vertical mixer before being distributed 
into the forage troughs.
The 2 concentrates were pelleted and largely based 
on byproducts of low human interest (Table 2). One 
concentrate was supplemented with rumen-protected 
lysine and methionine, whereas the other was not. The 
concentrates were fed individually in 4 concentrate dis-
pensers (FSC400, DeLaval International AB), restricted 
to maximum 9 kg/d (12kgConc diet) or 3 kg/d (6kgConc 
diet). The daily concentrate ration was automatically 
distributed over several smaller portions, with the por-
tion size set at maximum 2 kg and minimum 0.5 kg. 
All cows were also offered up to 3 kg/d of concentrate 
by dispensers in the milking station. Before calving, all 
cows were fed the concentrate without rumen-protected 
amino acids starting 2 wk before expected calving. The 
concentrate ration before calving was increased by 0.5 
kg/d until 3 kg/d was reached. The cows stayed on 
the 3 kg/d concentrate ration until after calving, when 
they were moved to the group of milking cows. The 
concentrate ration was then increased over 21 d to a 
total concentrate ration of 12 kg/d in the 12kgConc 
treatment and 6 kg/d in the 6kgConc treatment. The 
cows stayed on that ration until 210 DIM, when the 
concentrate amount was gradually decreased to 0 kg/d 
over 95 d. For cows that had started dry-off before 
305 DIM, the concentrate ration was decreased to 0 kg 
before drying off at 9 wk before expected calving.
All cows had access to a small grass-covered perma-
nent paddock for exercise and recreation at nighttime 
between mid-May to mid-August, in compliance with 
Swedish animal welfare law. All cows housed in the 
same area as the 37 experimental cows (in total ap-
proximately 60 cows) had access to 1 of 3 paddocks 
of 0.2 ha each. The cows were rotated between the 3 
paddocks, changing paddock each day. Individual pas-
ture intake, estimated to be 0.5 kg of DM/d, was not 
included in total DMI. The paddocks were mown when 
necessary to ensure low pasture intake.
Measurements and Sample Collection
Individual daily forage intake was recorded automati-
cally by 20 forage troughs on weight scales (CRFI, Bio-
Control Norway A/S, Rakkestad, Norway). Daily con-
centrate intake was recorded by dispensers (FSC400, 
DeLaval International AB). The equipment used for 
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Table 1. Chemical composition (mean ± SD) of experimental feeds 
(g/kg of DM unless otherwise stated)1
Item
Grass-clover 
silage2
Byproduct-based 
concentrate
DM (g/kg) 407 ± 50 872 ± 8.4
Ash 86.4 ± 4.0 65.4 ± 4.8
CP 166 ± 17 151 ± 6.1
Crude fat —3 47.8 ± 6.1
NDF 425 ± 35 361 ± 10
Starch — 54.4 ± 11
WSC4 — 5.3 ± 1.7
NEL (MJ/kg of DM) 6.63 ± 0.14 6.64 ± 0.05
5
ME (MJ/kg of DM) 11.6 ± 0.3 12.56
1Where SD is reported, the number of samples used for analyses of 
chemical composition was n = 31 for silage and n = 32 for concen-
trates, except for fat content where n = 5 for concentrates.
2Grass-clover silage had pH 4.24 ± 0.14, NH3-N concentration 36 ± 
10 g/kg N, and estimated in vivo digestibility of OM in sheep fed at 
maintenance of 80.0 ± 1.5% of OM. 
3Not analyzed.
4Water-soluble carbohydrates.
5Calculated in NorFor (Åkerlind and Volden, 2011) based on chemical 
composition, and tabulated values and estimates where analytical data 
were lacking.
6Calculated based on concentrate formulation and tabulated values ac-
cording to the Swedish Board of Agriculture (SJVFS, 2011).
Table 2. Formulation of the byproduct-based concentrate (g/kg of 
DM unless otherwise stated)
Ingredient
Byproduct-based 
concentrate
Sugar beet pulp1 566
Wheat bran 120
Wheat flour2 100
Rapeseed meal3 70.0
Distillers grain4 70.0
Vegetable fat5 25.4
Molasses 25.2
Salt 10.7
Limestone 7.40
Rumen-protected lysine6 4.99/0
Rumen-protected methionine7 1.90/0
Premix8 2.00
1Dried and unmolassed (Nordic Sugar AB, Eslöv, Sweden).
2Not food quality.
3Solvent-extracted and heat-moisture treated, with low levels of glu-
cosinolates and erucic acid (ExPro, AAK Sweden AB, Karlshamn, 
Sweden).
4Fiber and yeast cells from ethanol manufacturing (Agrow Drank 90, 
Lantmännen Agroetanol, Norrköping, Sweden).
5Fatty acids (99% fatty acids; 45% C16:0, 37% C18:1 according to man-
ufacturer; Ako Feed Cattle, AAK Sweden AB, Karlshamn, Sweden).
6LysiPearl (Kemin, Herentals, Belgium). Added in the concentrate fed 
to half of the cows.
7MetaSmart Dry (Adisseo, Antony, France). Added in the concentrate 
fed to half of the cows.
8Containing minerals (g/kg) Ca 61.9, P 0.4, Mg 408.9, K 1.0, Na 0.2, 
S 3.2, vitamin A 2,000,030 IU, vitamin D3 1,000,090 IU, and vitamin 
E 20,011 mg, and trace elements (mg/kg) Cu 5, Mn 10, Zn 25, I 0.35, 
Se 0.2, and Co 0.09.
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forage intake recording was calibrated weekly and that 
used for concentrate intake recording was calibrated 
monthly. The individual daily forage intake raw data 
showed improbably high feed intake for some cows and 
days, caused by some cows that were throwing silage 
out of the forage troughs. Therefore intake for feeding 
occasions with intake rate >8.28 g/s of fresh weight 
(95% confidence level of all eating occasions for all cows 
included in the study) was replaced with individual in-
take estimates derived from daily average intake rate 
<8.28 g/s. Forage DMI and total DMI were treated 
as missing values for days when total DMI divided by 
metabolic BW was above 0.22 kg/kg (95% confidence 
level). The cows were automatically weighed every 
time they passed through a sorting gate when leav-
ing the feeding area, and mean daily BW was recorded 
(AWS100, DeLaval International AB). Body condition 
score (scale of 1–5) was assessed automatically with a 
3-D camera (DeLaval International AB) every time the 
cows left the milking station. Weekly mean BW and 
BCS were calculated from daily mean BW and BCS, 
respectively.
Silage was sampled 5 times a week and pooled into 
3-wk periods for analysis of chemical composition, 
whereas concentrates were sampled once a week and 
pooled into 4-wk periods for the analysis. Silage samples 
were collected in plastic bags and stored at −20°C until 
analysis, whereas concentrate samples were stored at 
room temperature in plastic bags. Spot samples of feces 
for estimation of digestibility were collected once a day 
on 3 consecutive days in early (23 ± 5.5 DIM) and mid 
lactation (134 ± 6.4 DIM) (Mehtiö et al., 2016). Feces 
sampling was done in the morning on the first and third 
sampling day, whereas the second sampling was done 
in the afternoon. The feces were stored at −20°C until 
further processing.
At each milking, milk yield was recorded. Milk was 
sampled once a day twice weekly for progesterone (P4) 
analysis. All cows were sampled for P4 until confirmed 
pregnant. Milk sampling for milk composition was 
carried out every second week and then milk samples 
were taken at 2 consecutive milkings. The milk meter 
(MM25, DeLaval International AB) used for measuring 
milk yield and the milk sampler (DeLaval Milk Sam-
pler, DeLaval International AB) have been certified 
by the International Committee for Animal Recording 
(Rome, Italy). Milk samples were preserved with bro-
nopol, stored at 8°C, and analyzed within 3 d.
Blood samples were drawn from the coccygeal vein 
or artery of the tail-head in lactation wk 2, 4, and 6, 
and once in lactation wk 19 to 21, into 10-mL vacuum 
tubes with lithium heparin as anticoagulant (BD Va-
cutainer, Becton, Dickinson and Company, Franklin 
Lakes, NJ). Either venous or arterial blood was used 
because the difference is negligible when drawn at the 
tail-head (Hristov et al., 2019). The blood samples were 
centrifuged immediately (4,000 × g, 10 min, +4°C) and 
the blood plasma was transferred to Eppendorf tubes 
and stored at −20°C until analysis.
Chemical Analysis and Calculations
Analyses of feed, milk composition, feces, and blood 
plasma were performed by the laboratory at the De-
partment of Animal Nutrition and Management, 
Swedish University of Agricultural Sciences (SLU), 
Uppsala, Sweden, unless otherwise stated. The DM 
content of silage was determined by first drying at 60°C 
overnight, milling, and then drying at 60°C overnight, 
according to Åkerlind et al. (2011). The DM content of 
concentrate feeds was determined by drying at 103°C 
overnight. Ash content in all feeds was determined by 
ignition at 550°C for 3 h. Acid-insoluble ash (AIA) 
content in all feeds was analyzed according to Van 
Keulen and Young (1977). Feeds were analyzed for CP 
in an automated Kjeldahl procedure (Foss, Hillerød, 
Denmark). Ether extracts were analyzed by Eurofins 
Food & Feed Testing Sweden AB, Jönköping, Sweden, 
according to EC (2009). Concentrate samples were ana-
lyzed enzymatically for starch (including maltodextrin) 
according to Larsson and Bengtsson (1983). All feeds 
were analyzed for NDF according to Chai and Udén 
(1998). Silage samples were pressed and the silage juice 
was analyzed for pH. Metabolizable energy content in 
concentrates was calculated based on tabulated values 
according to the Swedish Board of Agriculture (SJVFS, 
2011). Estimated in vivo digestible organic matter 
(OMD) content in silage was analyzed by the ruminal 
fluid digestible OM (VOS) method according to Lind-
gren (1979, 1983) as OMD in vivo = 0.90 × VOS − 2. 
Metabolizable energy content in silage was estimated 
according to Lindgren (1983) as ME (MJ/kg of OM) 
= 0.160 × VOS (%) − 1.91. Metabolizable energy was 
then converted to MJ/kg of DM.
Net energy content in the feed and energy intake were 
estimated according to the NorFor system (Volden and 
Nielsen, 2011). Energy balance and residual feed intake 
(RFI) were calculated as
 EB = (NEintake) − (NEmaintenance + NEmilk) 
 RFI = (NEintake) − (NEmaintenance + NEmilk   
− NEmobilization + NEdeposition),
where NEintake, NEmaintenance, NEmilk, NEmobilization, and 
NEdeposition were calculated according to the NorFor 
system (Volden and Nielsen, 2011). The nutrient intake 
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per cow and week was calculated using mean values 
from the specific silo that the cows were fed that par-
ticular week, as silages from 4 different silos were used 
in the study.
Milk samples were analyzed for composition of fat, 
the 4 most abundant FA (C14:0, C16:0, C18:0, and 
C18:1 cis-9), and protein and lactose by infrared Fouri-
er transform spectroscopy (CombiScope FTIR 300 HP, 
Delta Instruments B.V., Drachten, the Netherlands). 
The same instrument was used for analysis of SCC 
by flow cytometry. Lactose was corrected for lactase 
monohydrate by division by 1.053. Energy-corrected 
milk was calculated based on fat, protein, and lactose 
concentration according to Sjaunja et al. (1990). Be-
cause the cows were milked with different milking inter-
vals in an automated milking system, daily estimates 
of ECM, milk component yields, and milk composition 
values were adjusted based on time since last milking. 
Milk samples were analyzed for P4 by Eurofins Milk 
Testing Sweden AB using an enzyme immunoassay 
method (ELISA M-plate, Ridgeway Science, St Briav-
els, UK). The P4 content was measured for each animal 
and profiles were classified according to Petersson et 
al. (2006) as normal or disturbed, with the limit for 
luteal activity set at a milk P4 concentration of >5 ng/
mL. Days from calving to last insemination, days from 
calving to commencement of luteal activity (CoLA), 
days from calving to first ovulation, days from calving 
to next calving, and total number of inseminations were 
recorded. Each animal was categorized as early (<23 
d) or late (≥23 d) for CoLA and whether pregnant at 
first AI or not.
Feces samples were freeze-dried, milled, and analyzed 
for DM, ash, and AIA. The total amount of feces was 
calculated from the total intake of AIA and the content 
of AIA in the feces (Van Keulen and Young, 1977). To-
tal-tract apparent OMD was calculated from estimated 
intake and excretion of OM from feed and feces, as 
(OMintake − OMfeces)/OMfeed. The calculation was based 
on feces samples taken once daily on 3 consecutive days 
and intake data from the 3 feces sampling days and the 
previous day.
Blood plasma was analyzed for metabolites and 
hormones. Glucose concentration was analyzed enzy-
matically (D-Glucose UV-method, R-Biopharm AG, 
Darmstadt, Germany). Insulin concentration was ana-
lyzed using an enzyme immunoassay method adapted 
for bovines (Mercodia Bovine Insulin ELISA, Mercodia 
AB, Uppsala, Sweden), and the concentration of NEFA 
using an enzymatic colorimetric method (NEFA-HR, 
Fujifilm Wako Diagnostics U.S.A. Corporation, Moun-
tain View, CA). The concentration of BHB in plasma 
was analyzed with a colorimetric test (MAK041, 
Sigma-Aldrich, St. Louis, MO), whereas the IGF-1 con-
centration was analyzed with an enzyme immunoassay 
(Mediagnost E20, Mediagnost, Reutlingen, Germany).
Statistical Analyses
All statistical analyses were performed in SAS soft-
ware (version 9.4, SAS Institute Inc., Cary, NC). Treat-
ment effects of feed and nutrient intake, milk yield and 
composition, BCS and BW variables, and blood plasma 
variables were analyzed using the PROC MIXED, with 
lactation week repeated autoregressively:
 Yijklmnp = µ + Ci + Pj + Bk + Ll + Tm + Wn + Ep   
+ LWln + BLkl + εijklmnp,
where Yijklmnp is the dependent variable, µ is the overall 
mean, Ci is the random effect of cow i, Pj is the effect 
of parity j, Bk is the effect of breed k, Ll is the effect of 
concentrate level l, Tm is the effect of concentrate type 
m, Wn is the effect of lactation week n, Ep is the effect 
of ECM in previous lactation p, LWln is the concentrate 
level × lactation week interaction effect of concentrate 
level l and lactation week n, BLkl is the breed × concen-
trate level interaction effect of breed k and concentrate 
level l, and εijklmnp is the random error. Multiparous 
cows in parity 3 and older formed one parity class and 
all cows in their second parity formed another parity 
class. For treatment effects of digestibility (with only 2 
measures per cow), the model was adapted in that cow 
was not treated as a random effect and lactation week 
was repeated unstructured.
Treatment effects on weekly change in BCS and 
BW were analyzed by PROC GLM with the following 
model:
Yijklmn = µ + Ci + Pj + Bk + Ll + Tm + Wn + εijklmn,
where Yijklmn is the dependent variable, µ is the overall 
mean, Ci is the random effect of cow i, Pj is the effect 
of parity j, Bk is the effect of breed k, Ll is the effect of 
concentrate level l, Tm is the effect of concentrate type 
m, Wn is the effect of lactation week n, and εijklmn is the 
random error.
Treatment effects of binary fertility data were ana-
lyzed by PROC LOGISTIC with the following model:
Yijklm = µ + Ci + Pj + Bk + Ll + Tm + εijklm,
where Yijklm is the dependent variable, µ is the overall 
mean, Ci is the random effect of cow i, Pj is the effect 
of parity j, Bk is the effect of breed k, Ll is the effect of 
concentrate level l, Tm is the effect of concentrate type 
m, and εijklm is the random error.
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Correlations between EB and milk FA were analyzed 
by PROC CORR and expressed by the Pearson correla-
tion coefficient (rxy).
Several models were tested to combine and account 
for interactions between variables. The models with 
the lowest Akaike information criterion were used. All 
residuals were tested for normality and log-transforma-
tion was applied to those that did not follow a normal 
distribution. Values presented in the text and tables are 
least squares means calculated using the LSMEANS/
PDIFF option. Statistically significant differences were 
determined following Tukey’s adjustment declared at P 
≤ 0.05, with trends noted at P ≤ 0.10.
RESULTS AND DISCUSSION
We investigated the effects on performance, meta-
bolic status, and feed efficiency traits in multiparous 
dairy cows of the breeds Holstein and SR of receiving 
up to 6 or 12 kg of byproduct-based concentrate per 
day in combination with high-quality grass-clover silage 
ad libitum over a whole lactation.
Feed Intake
The cows received up to 6 or 12 kg concentrate per 
day, which resulted in a daily mean concentrate intake 
of 4.24 and 8.34 kg of DM, respectively. Over the whole 
lactation, the 6kgConc cows consumed on average 83% 
forage (DM basis), whereas the corresponding value for 
the 12kgConc cows was 68% forage. Both diets can be 
considered high-forage diets compared with the typical 
diet of Swedish dairy cows (Emanuelson et al., 2006; 
Swensson et al., 2017) and dairy cows in other intensive 
nongrazing production systems (FAO, 2014). Cows of-
fered the 6kgConc diet had higher forage intake, but 
did not manage to fully replace the lower concentrate 
ration with forage, and thus total DMI was lower for 
cows on the 6kgConc diet than for cows offered the 
12kgConc diet (Table 3).
We found no difference in total-tract apparent di-
gestibility in DM or OM between diets or breeds. The 
gold standard of estimating nutrient digestibility is 
total collection of feces. However, since both laborious 
and usually constraining the animals being sampled, 
spot sampling with markers such as AIA or iNDF 
are commonly used instead (Van Keulen and Young, 
1977; Mehtiö et al., 2016; Morris et al., 2018). Diurnal 
variation of AIA is much less in diets based on alfalfa 
silage and byproducts compared with starch-rich corn 
silage–based diets (Morris et al., 2018), and diets based 
on grass have a higher content of AIA than alfalfa and 
concentrates (Van Soest, 1994), which is why AIA is 
likely a reliable marker in grass-rich diets. Morris et 
al. (2018) found no difference in fecal OM (% of DM) 
between sampling every 2, 4, 6, or 12 h in dairy cows 
fed a diet based on alfalfa silage and byproducts using 
AIA as a marker. However, AIA have been found to 
underestimate apparent OM digestibility (Morris et al., 
2018), which is why the values in the present study 
(Table 3) might be somewhat low considering the high 
digestibility of the grass-clover silage used (Table 1).
The reduction in forage intake for cows on the 
12kgConc diet compared with the 6kgConc diet was 
2.7 kg of DM/cow per d, whereas the increase in 
concentrate intake was 4.0 kg of DM/cow per d. The 
substitution rate observed, of 0.68 kg of DM forage/kg 
of DM concentrate, was similar to that in one earlier 
study (Kuoppala et al., 2008), lower than that in some 
studies (Randby et al., 2012; Patel et al., 2017), and 
higher than that in others (Agnew et al., 1996; Ferris 
et al., 2001; Lawrence et al., 2015), all with similar 
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Table 3. Feed intake during lactation wk 1 to 42 and apparent total-tract digestibility of DM (DMD) and OM (OMD) in early and mid 
lactation, presented as LSM with SEM and P-value of multiparous dairy cows fed a daily ration of up to 6 kg of concentrate (6kgConc) or up 
to 12 kg of concentrate (12kgConc), and of Holstein or Swedish Red (SR) breed
Item Obs.
Diet
SEM1 P-value
Breed
SEM P-value6kgConc 12kgConc Holstein SR
Number of cows2  27 10 — — 13 24 — —
Intake (kg of DM/d)          
 Total DM 1,578 24.0 25.0 0.30 0.04 25.4 23.6 0.33 <0.01
 Forage intake 1,577 19.7 16.7 0.30 <0.01 19.2 17.3 0.33 <0.01
 Concentrate intake 1,578 4.24 8.34 0.042 <0.01 6.23 6.35 0.046 0.08
Digestibility3 (%)          
 DMD 74 70.0 69.7 0.59 0.77 69.2 70.5 0.64 0.17
 OMD 74 71.0 70.9 0.58 0.90 70.3 71.6 0.63 0.17
1SEM values are weighted averages to adjust for the unbalanced number of observations (Obs.) for the 2 treatment diets.
2The numbers of animals were unbalanced due to a parallel genetic study on the low-concentrate cows.
3Total-tract apparent digestibility determined from a pooled sample per cow and period, using fecal grab samples taken once daily on 3 consecu-
tive days per period.
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concentrate levels. Forage has a higher rumen fill value 
than concentrate (Volden and Nielsen, 2011), so cows 
usually cannot replace 1 kg of DM of concentrate with 
1 kg of DM of forage. The concentrate substitution rate 
also seems to depend on the chemical composition and 
digestibility of both forage and concentrate. High en-
ergy value and high digestibility of silage allow greater 
total DMI with low-concentrate diets (Ferris et al., 
2001). The silage used in the present study had a high 
energy value and high digestibility, which can at least 
partly explain the reasonably high substitution rate. 
On the other hand, the concentrate was based mainly 
on sugar beet pulp, which generally has a high content 
of soluble fiber, and not starch, which can decrease the 
substitution rate (Huhtanen, 1993; Huhtanen et al., 
1995), although that is not always the case (Karlsson 
et al., 2018).
Forage intake, and thereby also total DMI, were 
relatively high in the present study (Ferris et al., 2001; 
Lawrence et al., 2015; Patel et al., 2017). However, 
others also have reported high intake levels with high-
digestibility grass silages and concentrate rations of 8 
to 12 kg (Kuoppala et al., 2008; Randby et al., 2012). 
The fact that only multiparous cows with high BW 
were included in the present study probably also con-
tributed to the high DMI. Furthermore, the cows in the 
present study had a lower DMI per kilogram of BW 
than reported by Kuoppala et al. (2008) and Randby 
et al. (2012).
Holstein cows consumed more forage and had higher 
total DMI than SR cows, confirming previous find-
ings (Li et al., 2018). A contributing factor enabling 
Holstein cows to consume more could be their size, as 
Holstein cows are larger and therefore probably have a 
larger digestion volume (Beecher et al., 2014).
Milk Yield and Composition
We found no statistical difference in milk and ECM 
yield between the 2 dietary treatments or between the 
2 breeds (Table 4). This is in line with findings by 
Aguerre et al. (2011), although others have observed 
higher milk and ECM yield with higher concentrate 
rations (Andersen et al., 2003; Kuoppala et al., 2008; 
Randby et al., 2012), along with higher energy intake. 
Cows fed 12kgConc had higher energy intake than 
cows fed 6kgConc (Table 5), but milk yields were only 
numerically higher in 12kgConc cows. However, the 
present study lacked the statistical power to identify 
treatment effects on daily yield below 2.8 kg of milk. 
Higher production in Holstein cows compared with SR 
cows was expected (Li et al., 2018; Växa Sverige, 2018), 
but not observed. This might be explained by too few 
animals being included in the present study (n = 37), 
in combination with the study design. We found no dif-
ference between the diets concerning feed efficiency as 
ECM/DMI (Table 5). This confirms findings by others 
comparing different forage: concentrate ratios (Koup-
pala et al., 2008; Aguerre et al., 2011; Randby et al., 
2012).
The numerical difference between the diets of ap-
proximately 3.6 kg of ECM already at first milk sam-
pling (Figure 1) was unexpected so early in lactation 
before any dietary treatment effect could have had any 
effect. In addition, BW tended to be higher in cows fed 
the 12kgConc diet, which could have been related to 
the numerical differences in milk yield already at first 
milk sampling. This would probably have been avoided 
if the treatment groups had been balanced with regard 
to milk yield in previous lactation and parity class. 
With the statistical model and design used in the pres-
ent study we only detected differences in ECM between 
treatments in lactation wk 14. In late lactation, not 
even a numerical difference was present in ECM be-
tween the treatments (Figure 1). The ECM production 
rate seemed to decrease more rapidly for 12kgConc 
cows after lactation wk 30 and for 6kgConc cows after 
lactation wk 34. Based on the Strandberg correction 
(Strandberg and Lundberg, 1991), which corrects for 
the effect of pregnancy on milk yield based on days 
open, it is estimated that the effect on ECM yields 
starts at 160 d after conception. However, that might 
not be the explanation for the steeper lactation curves 
in late lactation in the present study because these 
cows reached 160 d after conception approximately 4 
wk after the drop in ECM production. It is more likely 
that the reduction in concentrate offered initiated a 
more pronounced reduction rate in ECM yield at the 
end of lactation.
We found no difference in milk yield or in concen-
tration of fat, protein, or lactose in milk between the 
12kgConc and 6kgConc cows. However, cows on the 
6kgConc diet had a tendency for lower milk fat yield 
(Table 4). Milk from SR cows generally has higher con-
centrations of fat and protein than milk from Holstein 
cows (Andrée O’Hara et al., 2018; Växa Sverige, 2018), 
a tendency also observed in the present study.
The most abundant FA in milk samples were ana-
lyzed (Table 4). Some of these milk FA can be used 
to indicate cow EB (Gross et al., 2011), as <C14:0 
and to some extent also C16:0 in milk originate from 
mammary de novo synthesis of FA (Palmquist et al., 
1969), whereas C18:0 and C18:1 cis-9 are preformed 
FA released from adipose tissue (Rukkwamsuk et al., 
2000). No differences were observed in the concentra-
tions of these milk FA in total milk fat (g of FA/100 g of 
milk FA) between breeds or cows fed the 6kgConc and 
12kgConc diets (Figure 2). However, 12kgConc cows 
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had an overall higher concentration of C18:0 (P = 0.05) 
and C18:1 cis-9 (P = 0.05) in milk than 6kgConc cows. 
Results indicate that milk FA per 100 g of milk, where 
the effect of both milk fat concentration and milk FA 
concentration in milk fat are integrated, is a better es-
timator of negative EB than milk FA per 100 g of milk 
FA in lactation wk 2 to 6 (M. Churakov, SLU, Uppsala, 
Sweden, personal communication). If that is true, then 
our results suggest that cows on the 12kgConc diet mo-
bilized more body fat to support milk production than 
cows on the 6kgConc diet, even though no differences 
were observed in EB calculated from milk yield and 
feed intake (Figure 3).
Over the lactation, milk FA concentrations var-
ied (Figure 2). The C18:0 and C18:1 cis-9 (g of milk 
FA/100 g of milk) were negatively correlated (rxy = 
−0.70 and −0.75, respectively; P < 0.01) with EB in 
lactation wk 2 to 18, when cows overall were in negative 
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Table 4. Milk performance during lactation wk 1 to 42 of multiparous dairy cows fed a daily ration of up to 6 kg of concentrate (6kgConc) or 
up to 12 kg of concentrate (12kgConc), and of Holstein or Swedish Red (SR) breed, presented as LSM with SEM and P-value
Item Obs.
Diet
SEM1 P-value
Breed
SEM P-value6kgConc 12kgConc Holstein SR
Number of cows2 — 27 10 — — 13 24 — —
Yield (kg/d)          
 Milk 1,591 32.1 33.4 0.88 0.35 33.2 32.2 0.96 0.46
 ECM 707 33.9 36.3 0.94 0.13 35.3 34.9 1.03 0.81
 Fat 707 1.44 1.56 0.043 0.10 1.52 1.47 0.046 0.48
 Protein 707 1.15 1.19 0.031 0.37 1.20 1.14 0.034 0.23
 Lactose 707 1.56 1.63 0.046 0.35 1.67 1.52 0.050 0.06
Concentration (%)          
 Fat 707 4.36 4.56 0.077 0.12 4.36 4.56 0.084 0.10
 Protein 707 3.54 3.53 0.040 0.86 3.48 3.59 0.044 0.10
 Lactose 707 4.72 4.74 0.027 0.70 4.77 4.69 0.030 0.07
Milk FA3 (g/100 g of milk FA)          
 C14:0 706 12.1 12.1 0.15 0.98 12.0 12.2 0.17 0.46
 C16:0 706 29.9 29.3 0.29 0.21 29.2 30.0 0.32 0.09
 C18:0 706 7.54 7.87 0.177 0.25 7.67 7.74 0.194 0.80
 C18:1 cis-9 706 18.0 18.3 0.27 0.59 18.2 18.1 0.29 0.73
SCC (log10) 671 1.86 1.86 0.073 0.99 1.81 1.90 0.080 0.44
SCC antilog (103 cells/mL) — 70.2 71.7 — — 64.7 79.7 — —
1SEM values are weighted averages to adjust for the unbalanced number of observations (Obs.) for the 2 treatment diets.
2The numbers of animals were unbalanced due to a parallel genetic study on the low-concentrate cows.
3FA = fatty acid.
Table 5. Energy intake, energy balance (EB), residual feed intake (RFI), feed conversion, N efficiency, BCS, and BW, and their weekly change, 
during lactation wk 1 to 42 of multiparous dairy cows fed a daily ration of up to 6 kg of concentrate (6kgConc) or up to 12 kg of concentrate 
(12kgConc), and of Holstein or Swedish Red (SR) breed, presented as LSM with SEM and P-value
Item Obs.
Diet
SEM1 P-value
Breed
SEM P-value6kgConc 12kgConc Holstein SR
Number of cows2 — 27 10 — — 13 24 — —
Energy (MJ of NEL/d)          
 NEL 706 158 166 2.0 0.01 167 156 2.2 <0.01
 EB 706 3.71 3.45 2.336 0.94 7.39 −0.23 2.547 0.05
 RFI 706 4.03 3.77 2.046 0.94 7.50 0.30 2.232 0.03
ECM/NEintake (kg/MJ) 706 0.22 0.23 0.005 0.76 0.21 0.22 0.006 0.15
ECM/DMI (kg/kg) 706 1.42 1.45 0.034 0.64 1.40 1.47 0.037 0.16
N efficiency (g/kg; log10) 706 2.45 2.45 0.012 0.74 2.44 2.46 0.013 0.40
N efficiency antilog3 — 284 280 — — 277 288 — —
BW and condition          
 BCS (scale 1–5) 706 3.24 3.44 0.058 0.04 3.21 3.47 0.064 <0.01
 BW (kg) 706 733 768 11.5 0.07 780 722 12.6 <0.01
 BCS change (BCS/wk) 676 −0.002 −0.002 0.0016 0.95 −0.001 −0.003 0.0017 0.47
 BW change (kg/wk) 671 1.62 1.53 0.594 0.92 1.67 1.49 0.640 0.85
1SEM values are weighted averages to adjust for the unbalanced number of observations (Obs.) for the 2 treatment diets.
2The numbers of animals were unbalanced due to a parallel genetic study on the low-concentrate cows.
3Nitrogen efficiency = (milk protein yield/6.38)/(CP intake/6.25).
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or weakly positive EB (<5 MJ of NEL/d). However, it 
is important to remember that these correlations only 
apply to this specific experiment with 2 quite similar 
diets and a relatively small number of cows that were 
all in their second lactation or older. Moreover, the 
concentrations of C14:0 and C16:0 in milk started in-
creasing already after lactation wk 6 (g of milk FA/100 
g of milk), just after peak lactation (Figure 1), and thus 
did not seem to be related to EB. The concentration 
changes in C16:0, and to some extent also of C14:0, in 
milk FA thus seemed to level out at the same time as 
EB became positive, around lactation wk 14.
Apart from negative EB, effects in the rumen such 
as biohydrogenation and bacterial influence and diet 
composition can be reflected in milk FA profiles (Stoop 
et al., 2009; e.g., through forage: concentrate ratio). 
Reports indicate increased concentrations (g of FA/100 
g of milk FA) of C16:0 (Soita et al., 2005; Neveu et 
al., 2013; Patel et al., 2013) and C18:1 cis-9 (Soita 
et al., 2005; Neveu et al., 2013) in milk with increas-
ing proportion of forage. The lack of effect of forage: 
concentrate ratio on milk FA composition in the pres-
ent study might be related to the low starch and high 
NDF content of the concentrate, as other studies have 
used grain-based concentrates.
Blood Metabolites and Hormones
Cows receiving the 12kgConc diet had overall higher 
concentrations of the hormones insulin and IGF-1 in 
the blood at lactation wk 2, 4, 6, and 20 than cows 
fed the 6kgConc diet, but we observed no effect of diet 
on the blood metabolites glucose, NEFA, and BHB 
(Table 6). For blood insulin concentrations, the differ-
ence between 6kgConc and 12kgConc cows was most 
pronounced for samples taken during lactation wk 6 
(Figure 4). We found similar results for IGF-1 con-
centrations in the blood, with the most pronounced 
difference between dietary treatments in lactation wk 
4 and 6. In studies comparing diets with high and 
low-concentrate rations for dairy cows in early lacta-
tion, the results concerning blood plasma biomarkers 
are somewhat conflicting, with some reporting higher 
BHB, lower glucose and insulin, and no effect on 
NEFA (Andersen et al., 2004) and others reporting 
lower BHB, higher NEFA, and no effect on glucose 
(Lawrence et al., 2015) for cows fed a low-concentrate 
diet. However, it is difficult to compare results from 
different studies because dietary regimens can vary 
substantially, as can their effect on EB. The lack of 
treatment effects on blood metabolites in the present 
study supports our finding that EB was not affected 
by concentrate diet. The higher energy intake for 
12kgConc cows compared with 6kgConc cows could 
explain the higher concentrations of insulin and IGF-
1. Higher insulin concentrations may be an effect of 
more propionate being produced in cows fed more con-
centrate (Bines and Hart, 1984). The similar patterns 
of blood plasma concentrations of insulin and IGF-1 
could be explained by insulin restoring growth hor-
mone responsiveness, thereby recoupling the growth 
hormone-IGF axis (Butler et al., 2003).
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Figure 1. Energy-corrected milk yield (kg/d; squares), total DMI (kg/d; circles), and concentrate DMI (kg/d; triangles), as LSM, per lacta-
tion week for multiparous cows fed a daily ration of up to 6 kg of concentrate (filled; n = 27) or up to 12 kg of concentrate (open; n = 10). The 
concentrate was byproduct based and fed together with high-quality forage ad libitum.
8931
Journal of Dairy Science Vol. 103 No. 10, 2020
Holstein cows had overall higher blood concentra-
tions of insulin, lower concentrations of NEFA, and 
higher energy intake than SR cows, whereas previous 
studies have found higher insulin concentrations in SR 
cows compared with Holstein cows (Nyman et al., 2008; 
Andrée O’Hara et al., 2019). It is unclear whether this 
is a pure breed effect or an indirect effect related to, for 
example, feed intake or body condition.
Energy Balance, Body Weight, Body Condition 
Score, and Feed Efficiency
We observed no overall effect or difference per lacta-
tion week on EB between diets (Figure 3), as indicated 
by the concentrations of blood metabolites. Other 
studies comparing different forage: concentrate ratios 
in early or mid lactation have found that EB is less 
negative in cows offered more concentrate (Randby et 
al., 2012; Lawrence et al., 2015). However, those studies 
had a greater difference in daily energy intake between 
dietary treatments than the present study. Holstein 
cows had a more positive overall EB than SR cows in 
the present study. In contrast, when Ntallaris et al. 
(2017) fed Holstein and SR cows at high or low feeding 
intensity until 120 DIM, Holstein cows tended to have 
a less positive EB than SR cows. The Holstein cows in 
the present study had a more positive EB also during 
the first 120 DIM, so it is more likely that the difference 
in results between the studies is because Ntallaris et 
al. (2017) only included primiparous cows and we only 
included multiparous cows, rather than being caused 
by different lactation stages.
In the present study, the cows returned to positive 
EB in lactation wk 14 for both concentrate levels, 
which is later than previously reported for diets with 
comparable grass silage quality in combination with 4, 
8, or 12 kg of concentrate (Randby et al., 2012). The 
longer time taken to reach positive EB in the present 
study can be explained by higher ECM yield than in 
the study by Randby et al. (2012), as the cows in both 
studies had comparable energy intake levels.
We found no effect of diet or breed on weekly change 
in BW or BCS (Table 5). In contrast, most others 
have found that increasing levels of concentrate led to 
greater BW gain (Andersen et al., 2003; Kuoppala et 
al., 2004; Randby et al., 2012), and sometimes a greater 
increase in BCS (Lawrence et al., 2015). Changes in 
BW, but especially changes in BCS, reflect the EB of 
cows (Thorup et al., 2012), which was also observed 
as the lack of effect of diet in the present study on 
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Figure 2. Concentrations of fatty acids (FA) of type C14:0 (triangles), C16:0 (squares), C18:0 (diamonds), and C18:1 cis-9 (circles) in milk 
fat (g of FA/100 g of milk FA), presented as LSM, per lactation week for multiparous cows fed a daily ration of up to 6 kg of concentrate (filled; 
n = 27) or up to 12 kg of concentrate (open; n = 10). The concentrate was byproduct based and fed together with high-quality forage ad libitum. 
No difference was observed between diets for these 4 milk FA.
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BW change, BCS change, and EB. However, the more 
positive EB of Holstein cows than SR cows was not 
reflected by corresponding changes of BW or BCS.
Cows on the 12kgConc diet had higher BW and BCS 
than cows on the 6kgConc diet. However, the 12kgConc 
cows were already much heavier and had much higher 
BCS than 6kgConc cows in lactation wk 1, before any 
effect of diet could have emerged. This effect could have 
been avoided if we had blocked the animals by BW or 
BCS when assigning treatments before the start of the 
study.
Low RFI indicates more efficient production, whereas 
high values of the efficiency measures ECM/NEintake 
and ECM/DMI are desirable. We observed no differ-
ences between diets over the whole lactation in RFI, 
ECM/NEintake, and ECM/DMI. This is in agreement 
with previous findings of no effect of diet on ECM/
DMI (Kuoppala et al., 2008; Aguerre et al., 2011; Potts 
et al., 2015) or RFI (Potts et al., 2015). Others have 
reported a tendency for lower efficiency, expressed as 
ECM/DMI, with more concentrate in the diet (Randby 
et al., 2012; Olijhoek et al., 2018), although with no ef-
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Figure 3. Energy balance (MJ of NEL per d) presented as LSM, per lactation week for multiparous cows fed a daily ration of up to 6 kg 
of concentrate (filled; n = 27) or up to 12 kg of concentrate (open; n = 10). The concentrate was byproduct based and fed together with high-
quality forage ad libitum.
Table 6. Blood plasma concentrations of glucose, insulin, nonesterified fatty acids (NEFA), BHB, and IGF-1 during lactation wk 2, 4, 6, and 20 
of multiparous dairy cows fed a daily ration of up to 6 kg of concentrate (6kgConc) or up to 12 kg of concentrate (12kgConc), and of Holstein 
or Swedish Red (SR) breed, presented as LSM with SEM and P-value
Item Obs.
Diet
SEM1 P-value
Breed
SEM P-value6kgConc 12kgConc Holstein SR
Number of cows2 — 27 10 — — 13 24 — —
Glucose (mmol/L) 144 2.98 3.03 0.073 0.65 3.05 2.96 0.079 0.44
Insulin (log10) 144 −1.04 −0.76 0.059 0.01 −0.78 −1.02 0.064 0.02
Insulin antilog (µg/L) — 0.09 0.17 — — 0.17 0.10 — —
NEFA (log10) 142 −0.54 −0.57 0.027 0.46 −0.62 −0.49 0.029 <0.01
NEFA antilog (mmol/L) — 0.29 0.27 — — 0.24 0.33 — —
BHB (log10) 144 −0.01 −0.036 0.0265 0.54 −0.05 0.00 0.029 0.20
BHB antilog (mmol/L) — 0.98 0.92 — — 0.89 1.01 — —
IGF-1 (log10) 144 1.84 1.94 0.027 0.03 1.92 1.86 0.030 0.16
IGF-1 antilog (ng/mL) — 69.0 86.7 — — 83.1 72.0 — —
1SEM values are weighted averages to adjust for the unbalanced number of observations (Obs.) for the 2 treatment diets.
2The numbers of animals were unbalanced due to a parallel genetic study on the low-concentrate cows. 
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fect of breed when comparing Holstein and Jersey cows 
(Olijhoek et al., 2018). In the present study, SR cows 
had lower RFI than Holstein cows. One contributing 
explanation can be that the SR cows had a lower BW 
than the Holstein cows, as VandeHaar et al. (2016) con-
cluded that smaller cows should have a lower mainte-
nance requirement. Results for both EB and RFI were 
within the same range. This was expected in a study 
with no differences in BCS change, since the difference 
between EB and RFI is that the effect of mobilized 
and deposed energy is included in RFI, in addition to 
energy from feed for maintenance and for milk pro-
duction. Moreover, BCS change, EB, and RFI values 
were close to zero over the whole lactation, which is 
important as sustainable feeding regimens should keep 
animals in optimal body condition for maintenance of 
health and fertility.
Fertility
Reproductive measures such as calving interval, time 
to first insemination and total number of inseminations 
are greatly influenced by management practices and 
skilfulness, so more objective measures such as time 
from calving to CoLA or ovulation and P4 profiles 
based on P4 levels in the milk better reflect the fer-
tility of individual cows (Petersson et al., 2006). We 
observed no differences between cows that were offered 
12kgConc or 6kgConc for any of the fertility variables 
assessed (Table 7). Most fertility measures only have 
one observation per cow and lactation, so the 37 cows 
in the present study were probably too few to achieve 
statistical power due to dietary differences.
Cows with lower IGF-1 blood plasma concentrations 
after calving take longer to resume ovulatory cyclic-
ity (Wathes et al., 2007). Here, cows on the 6kgConc 
diet had lower levels of IGF-1, but it is not possible to 
conclude from the data that their reproductive perfor-
mance was affected, since they had only numerically 
more days from calving to last insemination, or numeri-
cally fewer days to first ovulation, compared with cows 
on the 12kgConc diet.
The SR cows had more days before CoLA and a 
higher proportion of cows classified as late CoLA (com-
mencement of luteal activity after 23 DIM) than the 
Holstein cows. Generally the SR cows have better fertil-
ity than Holsteins (Muuttoranta et al., 2019), but SR 
cows in the study herd have previously been reported 
to have poorer fertility than Holstein cows (O’Hara et 
al., 2016; Andrée O’Hara et al., 2019). In those previ-
ous studies, BCS of the SR cows was approximately 
0.5 points higher (on a scale of 1–5) than that of the 
Holstein cows, whereas in the present study the differ-
ence was somewhat less pronounced but still significant 
(BCS in lactation wk 1–12 was SR 3.5 and Holstein 
3.2; P < 0.01). High BCS at calving is correlated with 
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Figure 4. Blood plasma concentrations of insulin (circles) and IGF-1 (triangles), presented as LSM, per lactation week 2, 4, 6, and 20 for 
multiparous cows fed a daily ration of up to 6 kg of concentrate (filled; n = 27) or up to 12 kg of concentrate (open; n = 10). The concentrate 
was byproduct based and fed together with high-quality forage ad libitum.
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poorer reproductive performance (Roche et al., 2009), 
at least partly explaining the breed difference in fertil-
ity measures in the present study.
CONCLUSIONS
Multiparous Holstein and SR dairy cows were fed 
high-quality forage ad libitum and a byproduct-based 
concentrate, virtually without human-grade ingredi-
ents, either up to 6 or 12 kg of concentrate per day 
during a whole lactation. Cows had a daily mean 
concentrate intake of 4.24 and 8.34 kg of DM over 
the whole lactation for 6kgConc and 12kgConc diet, 
respectively. We found no significant difference in milk 
production between cows on different diets. Cows of-
fered 6kgConc had lower DM and energy intake, but 
managed to maintain body condition and EB with a 
numerical reduction in milk production of 2.4 kg of 
ECM yield compared with cows offered 12kgConc. The 
present study lacked the statistical power to identify 
treatment effects on daily yield below 2.8 kg of milk 
due to low number of animals per treatment. We ob-
served no dietary effect on fertility measures, which 
again could be the result of a low number of animals 
per treatment. These results indicate that high milk 
yields are feasible for cows on high-forage diets with 
high-digestibility grass-clover silages, not only in cows 
in early lactation fed grain-based concentrates, but also 
in cows fed byproduct-based concentrates and over the 
whole lactation. The cows in the present study man-
aged to adapt to a high-forage diet virtually without 
human-grade ingredients, without compromising feed 
efficiency and EB, thereby contributing to sustainable 
food production.
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Table 7. Fertility data for multiparous dairy cows fed a daily ration of up to 6 kg of concentrate (6kgConc) or up to 12 kg of concentrate 
(12kgConc), and of Holstein or Swedish Red (SR) breed1
Item Obs.
Diet
SEM2 P-value
Breed
SEM P-value6kgConc 12kgConc Holstein SR
Number of cows3 — 27 10 — — 13 24 — —
CLI (log10) 37 2.05 1.95 0.046 0.16 2.01 1.98 0.050 0.70
CLI antilog (d) — 113 88.2 — — 103 96.5 — —
CoLA4 (log10) 37 1.42 1.43 0.043 0.88 1.33 1.52 0.047 0.01
CoLA antilog (d) — 26.6 27.2 — — 21.6 33.5 — —
CFO5 (log10) 37 1.61 1.66 0.026 0.22 1.61 1.65 0.029 0.33
CFO antilog (d) — 40.3 45.6 — — 40.9 45.0 — —
CCI (d) 37 403 382 13.9 0.36 403 382 15.2 0.34
tAI 37 2.39 1.80 0.351 0.30 1.85 2.34 0.380 0.38
Normal P4 profile6 — 17 (63) 4 (40) — 0.15 6 (46) 15 (63) — 0.22
Disturbed P4 profile — 10 (37) 6 (60) — — 7 (54) 9 (38) — —
Early CoLA7 — 8 (30) 3 (30) — 0.87 7 (54) 4 (17) — 0.03
Late CoLA — 19 (70) 7 (70) — — 6 (46) 20 (83) — —
Pregnant at first AI — 7 (26) 4 (40) — 0.37 5 (38) 6 (25) — 0.53
Not pregnant at first AI — 20 (74) 6 (60) — — 8 (62) 18 (75) — —
1Continuous fertility data [days from calving to last insemination (CLI), days from calving to commencement of luteal activity (CoLA), days 
from calving to first ovulation (CFO), days from calving to next calving (CCI), and total number of inseminations (tAI)] presented as LSM with 
SEM and P-value. Binominal fertility data [progesterone (P4) profiles, early or late for CoLA, and pregnant at first AI] presented as distribu-
tions, with percentage within diet in parentheses, and P-value.
2SEM values are weighted averages to adjust for the unbalanced number of observations (Obs.) for the 2 treatment diets.
3The numbers of animals were unbalanced due to a parallel genetic study on the low-concentrate cows.
4Milk P4 above 5 ng/mL.
5Milk P4 below 5 ng/mL after first CoLA.
6Classification of normal and disturbed P4 profiles according to Petersson et al. (2006).
7Early CoLA = commencement of luteal activity before 23 DIM. Late CoLA = commencement of luteal activity after 23 DIM.
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